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ABSTRACT

The resonant behavior of solid or hollow oblong submersed elastic objects is

studied both theoretically and experimentally. The resonances have been studied

directly, by a calculation of surface wave displacements, or inferentially, by

calculations or observations of echoes from plane incident acoustic waves with axial,

broadside, or general oblique incidence onto the submersed objects. For the latter, we

considered solid or hollow spheroids, or cylinders with flat or with hemispherical ends.

Resonances are obtained theoretically from the phase matching of surface waves, which

physically form standing waves in this case. A bar wave picture of resonant vibration

has also been considered; it is shown to apply in the low-ka region while surface wave

pictures apply in the high-ka region, and the two pictures merge in the intermediate

region. The dispersion of surface waves along the object for axial incidence is treated

exactly. For broadside incidence, simultaneous excitation of meridional and

circumferential surface wave is noted. The same surface wave picture applies for sound

radiation from these objects following point excitation.

INTRODUCTION

Experimental studies on the resonant behavior of submersed elastic objects, subject

to incident acoustic waves and pulses, have been carried out for about a decade at US 4

[1-31, German [41, and especially at French acoustics laboratories [5-81. These studies

were motivated by the establishment of the acoustic Resonance Scattering Theory (RST)

(9-111 which, together with the physical interpretation of the elastic-body resonances

in terms of phase-matching surface waves [12], has been brilliantly verified by the

experiments. The outcome of these studies, of which the above references [1-8] just

constitute a small, representative selection (for more recent updates on the extensive ]

investigations that have been performed on this subject, see the books quoted in Refs.

131 and (111) consists in the following information: 0

(a) The eigenfrequencies of elastic objects were determined from the observed

resonance spectra. This was done first for the simplest objects such as solid spheres

and infinite (i.e.) very long cylinders, but subsequently also for solid and hollow

objects of more complex shapes, mainly for spheroids and finite cylinders with flat or

[Im] hemispherical endcaps. This also includes the strength of the acoustic excitation

(i.e., the peak heights), and the widths of the resonance peaks. adoN
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(b) Using phase matching arguments, the observed resonances were classified in
terms of the surface waves that generated them (a surface wave launched by the incident fdn exp(i V 16,
wave, which is circumnavigating the object on a closed path, causes a resonant buildup a5  the lfcatior
of the surface wave amplitude, and hence resonant scattering, if phase matching takes fr the' Wats

place upon each circumnavigation). This led immediately to a classification of the ell 'omagnetics
various kinds of surface waves that the submersed elastic object can support, and that and Watson-Regge
were in fact excited by the incident wave.

The eth st
(c) The spacing of the resonance families belonging to a given type of surface integer number 0

waves permitted a prediction of the dispersion curves of each of these surface wave of hase matchir

types; both phase and group velocities, and the losses due to radiation could be (i he posit
obtained in this way.

(d) A convenient way of representing the above data consists in plotting the
"Regge trajectories" of each surface wave type, where the successive mode numbers in This eads to

each wave are graphed vs. the frequency values at which the mode resonates. ori ates from

17%s phase af
In addition to such studies of the surface waves on elastic objects, excited by ord to determi

incident acoustic waves and inferred from the resonances they generate as observed in her nly

scattered echoes, the surface waves have also been examined when generated by mechanical of this roac|
forces acting on the elastic object, leading to acoustic radiation that displays related obtained by t

resonance elfects 1131. Both scattering and radiation-generated resonances will be hemisph cally-
discussed in the following. 3:1, an :l'anc

of the oustic

SURFACE WAVE GENERATION: BROADSIDE VS. END-ON
T results

It was shown for cylinder and sphere scattering that analytically, resonances in cylind fini

the scattering amplitude are described [9, 101 by terms of the form axial oads

Fig. 2 wh sho

l/(xnt - x -ir-nt /2) (1) not only the
propagat r

where x = ka, k being the wave number in the ambient fluid and a the cylinder or sphere n = mod

radius. For oblong bodies, e.g. spheroids, one may instead use the variable X = kL/2, propagat cirf

L being the length of the object. Equation (1) shows that the resonant amplitude has only g sur

poles in the complex frequency plane located at experi t [8].

surfa wave ph

x = Xnt - i ne /2, (2) figur efers t-

i.e. in the fourth quad-int. For electromagnetic waves, this has been noted by Baum waves mer
[14!, who based his "Singularity Expansion Method (SEM)" of electromagnetic scattering Grap anal

on this concept. On the other hand, it was shown by Franz [151 by applying the Watson for axisaand t

transformation to the modal series of scattering, that circumferential ("creeping" or [19], r ce'

"surface") waves arise in the scattering process, which e.g. for a cylinder have the form fu n (z

matchin of a r

broads* incid

'u 0, ' , p

-Fig. 3. Generation of

-Fig. 2. Resonances of WC cyl- circumferential and E

"inder (experimental, broadside meridional surface waves

Fig. I. Complex eigen- incidence), by broadside incidence on F 4. Res

frequencies of rigid hemispherically-capped el spher,

and soft elongated bodies. dside in,
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fiedn
.nf t form exp(iV 6), with a circumferential propagation constant V given by V=YL , which

utakp are the location of poles of the scattering amplitude in the complex Y -plane obtained
otaes from the Watson transformation; these are known as the "Watson poles" in

of the electromagnetics, or "Regge poles" in nuclear physics. The connection between SEM poles
d that and Watson-Regge poles was established by Dickey and Uberall [161 in 1978.

The £th surface wave exp(i V' 6) becomes resonant at - n because then, an
surf e integer number of wavelengths fits the circumference of the scatterer. This "principle
c e of phase matching" [12,171 can be used to determine the nth modal resonance frequency

bbe (i.e., the position of the corresponding SEM pole) from the resonance condition

Ln = n. (3)
ng theoriginates from the resonant buildup of a multiply circumnavigating surface wave when it
ers in This leads to the physical picture of the resonances, showing that a resonance

matches phase after each encirclement of the scatterer. This principle can be used in
ited y order to determine the resonance frequencies of bodies of arbitrary shape [17], the task
rv n here is mainly to obtain the surface paths of resonating surface waves. As an example

al of this approach, we show in Fig. 1 the complex resonance frequencies Xnt= (L/2a)xnt
#.jed obtained by the phase matching condition for rigid or soft spheroids and

Fill be hemisphericalmly-endcapped cylinders of length L and radius a, for aspect ratios 2:1,

of the acoustic wave generating these surface waves [18].

The results of an experimental study on the resonances of a solid tungsten carbide
cylinder of finite length, terminated by hemispherical endcaps, are in press [8]. Both
axial and broadside incidence was employed here. The interesting features appearing in

Fig. 2 which shows the backscattering spectrum at broadside incidence, are the fact that
not only the resonances that correspond to the phase matching of surface waves

propagating circumferentially around the cylinder are visible [labeled by (n,t ) where
sphere n = mode number, I = 1, 2, 3 surface-wave family index], but also those of meridionallySkL/2, propagating surface waves, labeled by (n•I, ). All the latter resonances are those, and
de has only those, seen in the backscattering spectrum for axial incidence in the same

experiment [8]. The reason for the broadside excitation of both types of closed-path
surface wave phase-match resonances is schematically shown in Fig. 3 (although this

(2 figure refers to an impenetrable cylinder, hence tangential excitation of the surface

waves): the meridional wave gets excited on the endcaps.
y B

9g Graphs analogous to Fig. 2, obtained from a T-matrix calculation of backscattering
son for axial and broadside incidence for a 4:1 nickel spheroid, are shown e.g. in Ref.
or [191, reproduced below in Fig. 4, (a) for axial and (b) for broadside incidence. The

matching of a meridionally propagating Rayleigh wave. The same peak also appears at
broadside incidence (b), indicating that even in this case, meridional waves were

2.03214 -

S• n=2 'b' • n=2

0- 21 iof 2 3 8 g ; 15 18 2s 24

•LV2 Ku' KIL/2

e yes
den on Fig. 4. Residual response vs. kL/2 for a 4:1 Fig. 6. As in Fig. 4, incidence
-C d nickel spheroid: (a) end-on incidence, (b) at 500 to symmetry axis.

broadside incidence.

1197



generated (while generally, the surface waves generated here propagate equatorially

around the object, see Fig. 3). model fit t

In Fig. 4a, the first resonance frequency is lower than in the broadside case of ATION I

Fig. 4b. This is because in broadside incidence, the surface waves follow a minimal

path around the spheroid, i.e., parallel to the equator. For end-on incidence, the e ne

surface waves follow a maximal path, i.e. around a meridian. Thus the resonance wit JaceI

frequency is higher for broadside incidence. radi ion

purpose fil

SURFACE WAVES FROM OBLIQUE INCIDENCE structural

Experiments on the excitation of surface waves on elastic cylinders and cylindrical adva ed

shells by obliquely incident waves have been carried out at French laboratories since str ures

1986 [20,21]. The important discovery here was the observation of resonances caused by

"a'axially propagating waves ("guided waves"), analogous to the above-mentioned meridional he Ni

waves. The combination of circumferential and guided waves can be viewed as leading to (D . It
helically propagating waves [22,231. An example for these is given in Fig. 5, where the de s ar.

simplest closed geodesics ("helicoidal paths") for spheroids are shown; these paths were t 3 DOF

used to predict by phase matching the electromagnetic resonance frequencies of s eners

conducting spheroids [241.

In the elastic-body case, Fig. 6 shows resonances excited by oblique acouotic The 5

In the elastic-body case, Fig. 6 shows resonances excited by oblique acousLic an ysis.

incidence, at 50* to the symmetry axis, in the nickel spheroid mentioned above. Here,
bending resonances are dominant in which the spheroid (at 4:1 being sufficiently long The m

and bar-like) undergoes bending vibrations about its long axis; and these are strongly f poi

excited by obliquely incident waves. d ion.

The question has been brought up [25] whether the resonances generated by axially w and

incident signals can also be interpreted in terms of (longitudinal) bar waves. In the 0 longi

surface wave picture, the resonances are determined by the phase matching condition. c fere:

k ds = 27 (n + ½),n = 1,2,3... (4) he

resd s ar

integrated over a closed surface path, while bar waves require The l)

2 f ktb dx = 27rm, m = 1,2,3..., (5)

kI and ktb being the wave numbers of the corresponding waves and m the number of 11. lthc

half-wavelengths along the overall length L of the object. For k b, we use the waveen

number for an infinite cylinder, while for kt in Eq. (4) one can employ the "tangent
sphere" approximation where e.g. on a spheroid, the surface wave path is locally

approximated by that on a tangent sphere [171, with known values of k In that N hat

method, a constant (Rayleigh-type) wave number can be employed on the cylindricalres se z

portion of e.g. a cylinder with hemispherical endcaps. This will be referred to as
PM-TS. However, the known wave number on an infinite solid cylinder can be used for

this purpose (an example being shown in Fig. 7 for a steel cylinder, the phase velocity
tending to that of the Rayleigh were at high frequencies), thereby taking the transverse

curvature into account. This model will be called PM-IC. Using the dispersion curve of

Fig. 7, one may also employ the "bar wave" resonance condition Eq. (5); that model can
be called LBW. We have applied all these models [26] to hemispherically capped steel

cylinders as shown in Fig. 8. Here, the Regge trajectories indicate, by comparison with

experimental results shown as circles, the correctness of phase matching (PM-IC and
PM-TS) at high frequencies. Low frequency experiments are not available in this case,
but for other examples these showed that both the bar wave and especially the PM-IC

- Fig. 5. Examples of simple closed
geodesics on a prolate spheroid.

Fig. 7. ispc

(b) symmetr mc

(curve d a
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model fit the data well at low frequencies.

case of RADIATION PROBLEMS
imal

nce, the We next consider the radiation and scattering from a stiffened cylindrical shell

onance with flat flexible endcaps [27). The NASTRA14/SIERRAS code was used to perform Mobility,

radiation and scattering analysis for the shell. The NASTRAN program is a general

purpose finite element code. In the NASTRAN/SIERRAS approach it is used to obtain the

structural matrices used by SIERRAS to represent the dynamic response of the structure

in vacuo. The SIERRAS (Surface Integral Equation Radiation and Scattering) code is an

indrical advanced boundary element code for analyzing the radiation and scattering from arbitrary

ies since structures [28,29].
caused by

tdional The NASTRAN finite element model consists of approximately 10000 degrees of freedom

e1ng to (DOF). It includes four plate elements between stiffeners and grid points every five

e the degrees around the circumference. Guyan reduction was used to reduce the analysis set

s were to 813 DOF prior to running SIERRAS. The analysis set included one grid point between

cies of stiffeners and a point every ten degrees around the circumference.

acoustic The SIERRAS boundary element model uses 437 wet fluid degrees of freedom in the

oustic analysis. The fluid element is a nine-noded superparametric boundary element.

e ere,
nt long The measured and computed radial drive point mobility is shown in Figure 9. The

ongly forced point was on the center stiffener at the midpoint of the shell in the radial

direction. The peaks shown on the figure are the (1,2), (1,3), (1,1), and (1,4) modes

of the shell, respectively. The mode numbers refer to the number of longitudinal half

axially waves and the number of circumferential whole waves. Therefore the 1,4 wave consists of

In the one longitudinal half wave along the shell and four whole waves around the

tion. circumference.45) The radiated noise from the shell is given in Figure 10. Measured and computed

results are shown for a location 60 feet in the radial direction from the drive point.

The (1,1) mode is responsible for the wide peak at 300 Hz and corresponds to the bending
mode of the cylinder.

5)
Finally, the scattering for the shell for broadside incidence is shown in Figure

mber of 11. Although no measured results are provided, the comparisons with radiated noise
the wave measurements above and previous scattering analyses [28,291 yield a reasonable level of

tangent confidence in the results. The scattering results are normalized by a factor of R/a

n fly where R is the distance of the observation point and a is the radius of the cylinder.

In at Note that while the frequencies of the resonances are comparable, the magnitudes or

Lindr al response are different. The maximum radiated noise was obtained for the (1,2) mode
ed as

u org

ocity
sverse

curve of

l~ode I can
steel

with- and
d• ase, 

z

PM-IC 
-

cR/co

* £ * PM-IC

u for

Fig. 7. Dispersion curves of the lowest axi- Fig. 8. Regge trajectory (number of resonao

symmetrical mode for an infinite steel cylinder ring mode vs. frequency) for solid steel cylinde

(curve) and a steel sphere (crosses). with hemispherical endcaps, aspect ratio = 2,

end-on incidence.
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while the maximum scattering was found for the (1,1) bending mode. Scattered pressure
favors the lowest modes of the shell. The reason for this difference lies in the fact
that the incident plane wave will tend to excite the resonance in a more pure form than
a point force. Therefore, below coincidence, the cancellation of lobes over the surface
is more likely to occur with scattering than for point excitation.
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